Aminoacyl-transfer RNA (tRNA) synthetases (aaRS) are key players in translation and act early in protein synthesis by mediating the attachment of amino acids to their cognate tRNA molecules. In plants, protein synthesis may occur in three subcellular compartments (cytosol, mitochondria, and chloroplasts), which requires multiple versions of the protein to be correctly delivered to its proper destination. The organellar aaRS are nuclear encoded and equipped with targeting information at the N-terminal sequence, which enables them to be specifically translocated to their final location. Most of the aaRS families present organellar proteins that are dual targeted to mitochondria and chloroplasts. Here, we examine the dual targeting behavior of aaRS from an evolutionary perspective. Our results show that Arabidopsis thaliana aaRS sequences are a result of a horizontal gene transfer event from bacteria. However, there is no evident bias indicating one single ancestor (Cyanobacteria or Proteobacteria). The dual-targeted aaRS phylogenetic relationship was characterized into two different categories (paralogs and homologs) depending on the state recovered for both dual-targeted and cytosolic proteins. Taken together, our results suggest that the dual-targeted condition is a gain-of-function derived from gene duplication. Selection may have maintained the original function in at least one of the copies as the additional copies diverged.
Introduction
Aminoacyl-transfer RNA (tRNA) synthetases (aaRS) catalyze the flow of genetic information from RNA to proteins and are responsible for the correspondence between tRNAs and cognate amino acids. Because aaRS, like other molecules that are involved in translation, they might belong to the cell's primordial equipment and are thought to contain information about the earliest evolution of life (Woese et al. 2000) . Phylogenetic analyses have demonstrated that most of the eukaryotic aaRS are a product of horizontal gene transfer from prokaryotes followed by gene duplication (Doolittle and Handy 1998; Dohm et al. 2006) .
In plants, protein synthesis occurs in three subcellular compartments: the cytosol, the mitochondria, and chloroplasts, all of which require different versions of aaRS. In all eukaryotic aaRS, there are normally two nuclear-encoded genes whose products are targeted to the cytoplasm and to both mitochondria and chloroplasts, which are apparently the result of an organelle-nucleus gene transfer (Woese et al. 2000; Dyall et al. 2004; Brindefalk et al. 2007) . After translocating to the nucleus, the genes gain additional information that equip the proteins with targeting information for their organelle destination (Schatz and Dobberstein 1996; Agarraberes and Dice 2001; Gabriel et al. 2001; Mackenzie 2005; Millar et al. 2006 ). This transport system relies on a complex and sophisticated mechanism for correct and accurate delivery of the proteins to their targets, including an ambiguous N-terminal targeting signal that result in the protein being located in both mitochondria and plastids. (Pujol et al. 2007; Mitschke et al. 2009 ). Recently, Duchêne et al. (2005) have demonstrated that this dual targeting behavior in Arabidopsis thaliana appears to be a general rule for aaRS, and in most cases, different N-terminal portions of those proteins are essential for import into mitochondria and chloroplast (Berglund et al. 2009 ).
An increasing number of proteins identified to be targeted to mitochondria and chloroplasts are encoded by a single gene, and a great number of studies have focused on the elucidation of the genetic and cellular mechanisms of dual targeting (Millar et al. 2006; Carrie et al. 2009 ). However, relatively little is known about the evolutionary origin of dual targeting behavior. Our group has previously studied 58 A. thaliana proteins that have been experimentally shown to translocate to multiple subcellular compartments with mitochondria and chloroplasts as the main recipients (Morgante et al. 2009 ). In the current study, we seek to investigate the evolutionary history of the dual targeting proteins using A. thaliana's aaRS protein families as a model. A eukaryotic cell is divided into functionally distinct, membrane-enclosed compartments, each containing its own set of proteins. During the evolution of plant cells, at least three sets of aaRS must be contained in the plant's genome, including the pre-eukaryotic host, the cyanobacterial plastidial ancestor, and the proteobacteria mitochondrial ancestor. Thus, the phylogenetic relations among aaRS families, from A. thaliana and bacteria, may clarify the historical pathways of dual targeting proteins.
Material and Methods

BIOlogical Scripts for PHylogeny Analyses
We built a suite of Perl scripts (BIOlogical Scripts for PHylogeny Analyses, BIOSPHA) that consisted of six separated scripts. The first of these scripts was BuildDB, which uses the National Center for Biotechnology Information (NCBI) taxonomy database (Benson et al. 2000; Wheeler et al. 2000) to classify and separate sequences from a given list of FAS-TA formatted sequences. Any rank parameter from the NCBI taxonomy database can be used to filter the desirable sequences. DUPWIPE is a shell script that uses scripts available at Scriptome (http://sysbio.harvard.edu/csb/resources /computational/scriptome/) to eliminate duplicate sequences from a multiple FASTA file. SEARCH was used for complete taxonomic classification using a GI number, taxID, or scientific name. The FASTAHDR script uses BioPerl (Stajich et al. 2002) components to automatically rebuild the FASTA sequence header, also enabling the insertion of custom fields. FASTAHDR was used to change the FASTA sequences header to view taxonomic classification. The final two scripts were used to build all necessary information for the character tracing study. The BUILD-CHAR script uses a list of sequences in the FASTA format as input, and this script taxonomically classifies all sequences and uses them as character states. This information builds the nexus block (Maddison et al. 1997 ) that is used as an input into Mesquite Software (Maddison WP and Maddison DR 2007) for simulations of character evolution on a given tree. BUILDPTP has the same function of BUILD-CHAR, but it shuffles the character states n times to build the nexus file used for modified PTP text. The BIOSPHA suite is freely distributed at http://bioinfo.esalq.usp.br/ web/biospha.
Databases
Using the BuildDB script, we built a nonredundant protein sequence database with entries from GenPept, Swissprot, PIR, PDF, PDB, and NCBI RefSeq that covers all bacterial (taxID: 2) and archaea (taxID: 2,157) sequences, and NCBI RefSeq for eukaryotic (taxID: 2,759) sequences. The database used for all analyses in this study was built using sequences available on 12 April 2010. The filtered sequences were used as a database for Blast searches.
Blast Search Strategy and Sequence Alignment
Using all the A. thaliana sequences (table 1) as queries, we performed local BlastP searches against the protein database described previously. In order to filter the BlastP search results, we fixed an e value cutoff at 1 Â 10
À10
and varied the percentage of identity from 30% to 60% with 5% increments. Complete phylogenetic analyses were performed for all tests (see Phylogenetic Analyses for details) and no significant tree topology was found in the range from 40% to 50%. The last two increments (55% and 60%) were discarded due to a low number of sequences recovered and because many nodes close to our query were collapsed (data not shown). In addition, the increment at 30% recovered a large amount of sequences with moderate alignment, as evaluated by the methodology proposed by Hall (2008b) . With these data, we fixed the similarity percentage to a nonstringent value of 40% for all analyses.
All sequence alignments were performed by Muscle (Edgar 2004 ) using default parameters (supplementary material 1, Supplementary Material online); sequences were then double checked by eye and manually refined with BioEdit 7.0.9 (Hall 1999) . We used the average amino acid identity to estimate reliability of the alignment, a methodology proposed by Hall (2008b) .
Phylogenetic Analyses
To select optimal amino acid substitution models, we used ProtTest Version 2.4 (Abascal et al. 2005 ), the Akaike Information Criteria and hierarchical likelihood ratio test. The Brandão and Silva-Filho · doi:10.1093/molbev/msq176 MBE outcomes of these tests indicated that the WAG model (Whelan and Goldman 2001) was the most appropriate model to represent the sequence data. However, for hRS, RetREV (Dimmic et al. 2002) was suggested as the most accurate model. All protein alignments were analyzed with both maximum likelihood and Bayesian inference using the proposed substitution model that was specific to each protein family. Maximum likelihood analyses were performed using PHYML (Guindon and Gascuel 2003) with model parameters produced by ProtTest. Branch consistency supports were evaluated using the nonparametric bootstrap test (Felsenstein 1985) with 250 replications and the approximate likelihood ratio test (aLRT) (Anisimova and Gascuel 2006) . Bayesian analyses used the same substitution model used in maximum likelihood and were performed with the parallel version of MrBayes 3.2 (Huelsenbeck and Ronquist 2001) . Starting from a random tree and using four Metropolis-coupled Markov chain Monte Carlo runs, each inference was found to consist of 5,000,000 generations when sampling was conducted every 100 generations. The average standard deviation of split frequencies was used to assess the convergence of the two runs. Bayesian posterior probabilities were calculated from the majority rule consensus of the tree sampled after the initial burnin period.
The distance estimation was based on the Jones, Taylor, and Thorton substitution matrix using algorithms implemented in the MEGA4 software (Tamura et al. 2007 ) under the assumption of uniform substitution rates across sites. The neighboring joint algorithm of MEGA4 was applied to reconstruct tree topologies, and from these data, linearized trees were proposed (Takezaki et al. 1995) .
Minimum Spanning Trees
A minimum spanning tree was constructed using protein sequence alignment for each aaRS by the distance sequence function (dist.sequence) implemented on the R package Seqinr version 1.0-2 ( 
Microarray Data Analyses
All microarray data sets from The Arabidopsis Information Resource (http://www.arabidopsis.org/) were locally mirrored and all normalized data were saved in a database. A homemade Perl script can search this database for gene expression using a locus number as a query. Both the database and the script are available by request.
Ancestral States
The character trace was drawn over the Bayesian proposed tree for all proteins families studied by Mesquite Software version 2.72 (Maddison WP and Maddison DR 2007) . The character state was designed using the phyla of the sequences, and the nexus file containing all these characters was built using BUILDCHAR from BIOSPHA. Character history was traced over trees using maximum likelihood as the reconstruction method, and the proportional likelihood were used to infer which state was the most probable ancestral state for the A. thaliana aaRS. To test for the presence of a phylogenetic signal in the characters traced, we used the methodology proposed by Wahlberg (2001) and modified it from the PTP test described by Faith and Cranston (1991) . The test compared the number of steps of the tree constructed with the actual data with the number of steps obtained for each random reshuffling of each separated character state. We performed 300 random reshufflings of character states among the fixed terminal proteins using Mesquite software. The probability (P) of the observed pattern was determined by
where n 5 the number of replications as short as or shorter than the tree obtained with the actual data; r 5 the number of replications. A significant phylogenetic signal was observed when P was ,0.05 (Faith and Cranston 1991).
Protein-Protein Interactions
All protein-protein interactions were searched using AtPIN (A. thaliana Protein Interaction Network; Brandao et al. 2009 ), which is a tool developed and maintained by our group. AtPIN can be found at http://bioinfo.esalq.usp.br/ atpin.
Results
In this study, we investigated the phylogenetic relationships among Arabidopsis, other eukaryotes and bacteria aaRS to clarify the evolutionary pathways of dual-targeted proteins.
The trees derived from maximum likelihood and Bayesian analyses had topology similarity, indicating that the sequences in each aaRS data set show a high degree of internal consistency across positions. The minimal differences only appeared at the most internal branches and all terminal branches were equally recovered by both methodologies. All alignment reliability were based on p-distance calculation and ranged from p 5 0.4 to p 5 0.6 (Hall 2008a (Hall , 2008b .
All related tree branches were supported by nonparametric bootstrap and aLRT (for maximum likelihood) tests as well as posterior probability based on Bayesian inference. The three methodologies applied for branch consistency did not present any significant difference for the same recovered clade, however, the posterior probability seemed to be more generous than nonparametric bootstrap at estimating the clade consistency, as previously demonstrated (Mar et al. 2005 ).
The Phylogenetic Relation
Most of eukaryotic aaRS used in the current work have clustered with bacterial sequences, a result that supports Dual-Targeted Protein Evolution · doi:10.1093/molbev/msq176 MBE the symbiont to nucleus gene transfer according to the serial endosymbiont theory (see Supplementary Material online for full length trees).
The dual-targeted aaRS phylogenetic relationship could be characterized into two different categories. The first is the paralogs, which includes all dual-targeted proteins from the cRS, gRS, hRS, nRS, and sRS families. In these cases, the same state was recovered for both the dual-targeted and the cytosolic proteins. Except for the sRS (presenting an Actinobacteria as ancestor), all ancestors had originated from Proteobacteria, such as alpha, delta, or gamma; alpha Proteobacteria were the most abundant and gamma Proteobacteria were the least abundant, hereafter referred to as the general term proteobacteria ( fig. 1 and supplementary material 2, fig. 1a-e, Supplementary Material online) . The recovered branch of these clustered proteins was well supported and present in the same subgraph of the minimum spanning trees analyses (supplementary material 3, Supplementary Material online).
The second category is the homologs, which present a different ancestor for cytosolic and dual-targeted aaRS proteins, even if it is not one of the common plastid or mitochondria ancestors. This category is represented by the aRS, dRS, eRS, fRS, kRS, mRS, pRS, tRS, wRS, and yRS families. The respective ancestor was clearly indicated for all of these proteins by maximum likelihood ( fig. 1b  and supplementary material 2, fig. 2a -j, Supplementary Material online). The closest ancestral node sequence reconstruction indicates a putative dual targeting ancestor encoding gene.
Gene Expression
The microarray experiments clearly displayed a significant difference in gene expression within all the aaRS protein families analyzed (supplementary material 4, Supplementary Material online). Interestingly, aaRS homolog proteins derived from Proteobacteria displayed higher gene expression levels than their non-Proteobacteria counterparts, regardless of the dual-targeted or cytosolic localization.
Protein-Protein Interactions
All homolog-classified dual-targeted aaRS appear to interact with specific sets of proteins without overlapping with their cytosolic counterparts within the same family ( fig. 2a and all interactions are included in the supplementary material 5, Supplementary Material online). When there is more than one cytosolic isoform, both proteins may share one or more interactors (e.g., yRS fig. 2b ). Brandão and Silva-Filho · doi:10.1093/molbev/msq176 MBE Most of the paralog (cytosolic and dual-targeted) aaRS have common substrates, the exception was the gRS, but, in this case both proteins might be considered as dual targeted (AT1G29880 directed to cytosol and mitochondria and AT3G 48110 to mitochondria and plastid-table 1). Many queued proteins (table 1) are predicted to interact with each other; this interaction might occur because these proteins are very similar in structure and the prediction methodology could interpret this as possible interactors by similarity and evolutionary distance.
Discussion
Our results show that aaRS sequences are the result of horizontal gene transfer events from bacteria, a finding that is supported by previous studies (Duchêne et al. 2005; Brindefalk et al. 2007 ). Some of the aaRS appear to be residual from the original host cell, some have proteobacterial characteristics and others are akin to cyanobacteria. However, there is no evident bias that indicates one single ancestor of either Cyanobacteria or Proteobacteria.
In all aaRS families studied, a dual-targeted protein member appears to be related to a cytosolic counterpart, which indicates the occurrence of gene duplication. This observation suggests that organelle localization of dualtargeted encoded gene products is derived from a neofunctionalization process, a finding that is supported by the classical model for the origin of genes with new functions (Ohno 1970; Ohta 1987 Ohta , 1988 Doolittle and Handy 1998) . However, this assumption is not valid for all aaRS dualtargeted proteins. Our results indicate that duplication or neofunctionalization events may be only valid for paralog aaRS dual-targeted proteins. In this case, Arabidopsis aaRS share the same ancestor and form a monophyletic group reinforcing the duplication or neofunctionalization conduct for dual targeting. In contrast, homolog-classified aaRS families are derived from different phyla, mostly represented by the endosymbiotic derivative for the mitochondrion and the chloroplast for Proteobacteria and Cyanobacteria, respectively. We cannot rule out the possibility of gene duplication events, but becasue gene duplication is expected to be initially functionally redundant, it is generally assumed that one copy would become silenced (Ohta 1988) .
The retention of the two aaRS expressed in different compartments with varying targeting systems, as observed with the aaRS paralogs, may be an example of duplicate gene preservation by subfunctionalization (Lynch and Force 2000) . According to their model, copies of the duplicated gene may be preserved if, over the course of evolution, mutations or rearrangements of these genes increase the fitness of the involved system. Furthermore, the presence of paralogous and homologous aaRS dual-targeted protein families may be linked to varying evolutionary Dual-Targeted Protein Evolution · doi:10.1093/molbev/msq176 MBE pressure against one of the duplicated gene copies (Walsh 1995) . The protein-protein interaction analyses on paralog aaRS support the hypothesis of subfunctionalization, as most of the dual-targeted and cytosolic isoforms share common interactors. This process might be due to gene duplication that includes some function preservation. However, in the case of the aaRS homologs, the protein interactions appear to be more isoform specific, indicating no common ligands between cytosolic and dual-targeted aaRS. These observations may be a result of the evolutionary path of both groups. In the aaRS paralog group, all proteins appear to be the result of gene duplication from an inherited bacterial gene, and thus, it is expected that both gene products share common functional characteristics. The presence of dual-targeted behavior in plants might be explained by the fact that mitochondria originated much earlier than chloroplasts. The presence of a well-established transport system designed to move proteins from cytosol to mitochondria may have provided plastids with an opportunity to reuse the same machinery (Peeters and Small 2001; Silva-Filho 2003) . Interestingly, the phenograms proposed for all homolog aaRS indicate that the divergence time of terminal nodes, which contain a dual-targeted protein derived from Cyanobacteria, occurred later than that of the Proteobacteria homolog.
If an excess of the original function imposes a fitness cost (e.g., two different genes encoding proteins with the same function cause energy waste because there is no functional gain), a gene may be selected against to improve activity in the extra copies (Nei 2005; Bergthorsson et al. 2007 ) and as demonstrated in this current study. Cyanobacteria descended genes commonly appear as a single copy in most aaRS, which is different from the Proteobacteria derived genes that may comprise an entire aaRS family. If the Cyanobacteria gene acquisition occurred later than Proteobacteria gene acquisitions in A. thaliana (Dyall et al. 2004) , the Cyanobacterial genes are expressed in a system dominated by Proteobacterial genes. The Cyanobacteria genes prevailed when function was positively selected for by the neofunctionalization of these bacteria.
Conclusions
Our results indicate that the dual-targeted aaRS condition is a function gained by gene duplication, which is usually followed by a loss in one of the duplicated copies.
Dual-targeted encoding gene products are not derived from a unique endosymbiont genome; rather, these genes have a variety of endosymbiont origins. Natural selection may have maintained the original function in at least one of the aaRS genes as the additional copies have diverged. Paralogous aaRS share common interacting proteins, a finding that supports their monophyletic origins, whereas homolog aaRS interact with specific proteins that support their distinct origins.
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